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!57i A nnethod and apparatus for modulating an 
optical signal (2) using a micromechanical mod- 
ulator are disclosed. The modulator comprises 
a membrane (15), which consists of at least one 
layer, and a substrate, spaced to form an air gap 
(20). The layers (15a.b) of the membrane are 
characterized in that there is a relationship 
between the refractive indices of the layers and 
the refractive index of the substrate. The mem- 
brane is suspended in a first position over the 
substrate by a flexible support arrangement. 
Bias is applied to the membrane and the sub- 
strate to create an electrostatic force to move 
the membrane towards the substrate to a sec- 
ond position. The reflectivity of the device to an 
optical signal changes as the membrane moves 
from the first position to the second position, 
thereby modulating the signal. 
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FIEL^OFJHEJNVE?™ 

This invention relates generally to oP^i^al modu- 
lators and more particularly to surface normal mech- 
anical optical modulators. 

BACKGROUNDOfTHE^^ 

,t is desirable in optical wavelength-div,sion-mul- 

rsmio^r^^^^^^^^^^^^ 

the above application ,s a surface normal m.crome- 
chanTcal modulator. This dev,ce may be escr,bed as 
r no I variable air gap defined by two layers of ma- 
''rivoSy surface normal light modulators op- 
by'c hanging the amount of light reflected in the 
erate oy on<a. y y „ ; o thP direction normal to 

====".-•==■ 

fe of" od^Ltio" '? "„r 

r ';::rar:cirrr r: 
rra^rr;:;.at^;= ~ 

pTh 7 10 1993 at 230-35. This article, and all other 
supported by thm beams over a ^"bstrate^also par 

ifararr;:.^r=-S 

^^^^^^ 



,K.. T.ro at Ihe resonant wa..tensth of me cav 
'° ,c,.bod»,so1gaa,d.,a,.ln-0efor™*0«^^^^^^^ 

r™ra:;3^»r^^d-^^^^^^^^ 

p„aao,r.»,o,e,,oonr.,,,det^^^^^^^^^^^ 

:;rorar:rn:r«^nap'i%e.-»'- 

he device reflects the light in the manner of aflat m.r 
Z When a voltage is applied t>etween t e beams 

and tha reflected from the substrate changes o one 
h«lf of the v^avelength of the incident hght. In this 
case the reactions interfere destructively, causing 

optical modulator does 

mmm 

of optical be.TO o, (Kets. a aignif .cant crosstalk may 
" 'rS,, tnere Is a need for a mlcn=™cham. 

irpallr from'l300 to 1550 nanometers (nm). 
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strate to create an electrostatic force to move the 
membrane towards the substrate. The layers of the 
membrane are charactehzed in that there is a rela- 
tionship between the refractive indices of the layers 
and the refractive index of the substrate. Each layer 5 
of the membrane has a thickness which is approxi- 
mately equivalent to one-quarter of the wavelength of 
an optical signal to be modulated. In a further embodi- 
ment, the modulator incorporates an optical fiber to 
facilitate integration of the modulator into a fiber net- io 
work. 

In a first arrangement of a modulator according to 
the present invention, the air gap, in the unbiased 
state, is one-quarter of a wavelength of the optical 
signal. In this state, the membrane and air gap func- 15 
tion as a high reflectivity mirror. As bias is applied, the 
membrane moves toward the substrate. When the air 
gap is zero, the membrane functions as an anti- 
reflection coating for the substrate. The change in re- 
flectivity of the membrane facilitates modulation of 20 
the optical signal. 

In a second arrangement according to the inven- 
tion, the air gap, in the unbiased state, is a multiple of 
one-quarter of a wavelength of the optical signal. 
Where the air gap is an odd multiple of one-quarter 25 
wavelength, the membrane and air gap function as a 
high reflectivity coating. Where the air gap is an even 
multiple of one-quarter wavelength, the membrane 
and atr gap function as an anti-reflection coating. Un- 
der the action of bias, the membrane moves through 30 
one-quarter of a wavelength to an anti-reflection state 
or a maximum reflection state depending upon the 
state of the unbiased membrane. In the second ar- 
rangement, the membrane does not contact the sub- 
strate. 35 

BRIEF DESCRiPTiON OF THE DRAWINGS 

Further features of the invention will become 
more apparent from the following detailed description 40 
of specific embodiments thereof when read in con- 
junction with the accompanying drawings, in which 
like elements have like reference numerals and in 
which; 

FIG. 1 is a side view of an embodiment of a mi- 45 
cromechanical modulator according to the pres- 
ent invention where the modulator is shown in its 
unbiased position; 

FIG. 2 is a plan view of the micromechanical mod- 
ulator of FIG. 1; 50 



FIG. 3 is a perspective view of various layers of 
material deposited on a substrate, which layers 
will be patterned into a micromechanical modu- 
lator according to the present invention. 
FIG. 4 shows the layers of FIG. 3 with holes pat- 
terned in the photoresist layer; 
FIG. 5 is a cutaway view of the layers of FIG, 3 
after patterning and etching to define the mem- 



brane and support arms; 

FIG. 6 shows contacts added to the arrangement 
shown in FIG. 5; 

FIG. 7 shows the erodible layer etched away to 
form an air gap between the membrane and the 
substrate; 

FIG. 8 shows a preferred embodiment of a micro- 
mechanical modulator according to the present 
invention; 

FIG. 9 shows a second preferred embodiment of 
a micromechanical modulator according to the 

present invention; 

FIGS. 10- 13b show successively the formation of 
the modulator of FIG. 9. where FIGS. 10, 11, 12a 
and 13a are side-views, and FIGS. 12b and 13b 

are plan views; 

FIG. 14 is a side view of a modulator under bias, 
where the modulator is formed according to a first 
arrangement wherein, under the action of bias, 
the membrane contacts the substrate; 
FIG. 1 5 is a side view of an embodiment of a mod- 
ulator according to the present invention which in- 
corporates an optical fiber; 
FIG. 1 6 is a side view of a second embodiment of 
a modulator according to the present invention 
which incorporates an optical fiber; 
FIG. 17 is a plot of reflectivity vs. wavelength of 
the modulated signal for a modulator according to 
the present invention having a single layer mem- 
brane; 

FIG. 18 is a plot of reflectivity vs. wavelength of 
the modulated signal for a modulator according to 
the present invention having a dual layer mem- 
brane; 

FIG. 19 is a plot of reflectivity vs. wavelength of 
the modulated signal for air gaps of X/4 and 0 for 
a modulator which incorporates an optical fiber 
and has a single layer membrane: 
FIG. 20 is a plot of reflectivity vs. wavelength of 
the modulated signal for air gaps of 3X74 and X/2 
for a modulator which incorporates an optical fib- 
er and has a single layer membrane; 
FIG. 21 is a plot of reflectivity vs. wavelength of 
the modulated signal for air gaps of X/4 and 0 for 
a modulator which incorporates an optical fiber 
and has a dual layer membrane; and 
FIG. 22 is a plot of reflectivity vs. wavelength of 
the modulated signal for air gaps of 3X74 and X72 
for a modulator which incorporates an optical fib- 
er and has a dual layer membrane. 

DETAILED DESCRIPTION OF THE tNVENTION 

FIGS. 1 and 2 show an embodiment of a micro- 
55 mechanical modulator 1 according to the present in- 
vention. As shown in FIG. 1, which is a cross- 
sectional view through line aa in FIG. 2, the device 
compnses a substrate 10 and a membrane 15 having 
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one or more layers, such as layers 15a, 15b. The 
membrane 1 5 and substrate 1 0 are spaced from each 
other, and define an air gap 20 between them. As 
shown in FIG. 2. which is a plan view of the apparatus 
of FIG. 1 , the membrane 1 5 is suspended over the air 
gap 20 by support arms 25. The membrane 15 may 
also comprise an electrode 30, and the substrate 10 
may also compnse an electrode 31. The electrodes 
30 and 31 are provided so that a voltage may be ap- 
plied across the membrane 15 and the substrate 10 
to create an electrostatic force to move the mem- 
brane towards the substrate. The device 1 may be 
suitably formed on a semiconductor chip or wafer. 

The substrate 10 may be formed of a conductive 
material, which is either transparent or absorbing over 
the operating optical bandwidth. Suitable materials 
include, but are not limited to. silicon, gallium ar- 
senide, indium phosphide, germanium or indium tin 
oxide (ITO) coated glass. If a semiconductor material 
is used for the substrate, it should be appropriately 
doped. Preferably, the substrate is silicon, which 
should be doped with any Group Mi or Group V ele- 
ment, typically phosphorus or boron. 

The membrane 15 comprises a single optically 
active layer 15a of material which is characterized by 
a refractive index which is approximately equal to the 
square root of the refractive index of the substrate 10. 
The layer 15a functions as a reflection/anti-reflection 
layer as will be described below. Suitable materials 
for the layer 15a include, but are not limited to silicon 
oxide, or, more preferably, silicon nitride. The mem- 
brane 15 may also include a second, optional layer 
1 5b of material which is characterized by a refractive 
index which is approximately equal to the refractive 
index of the substrate 1 0. The layer 1 5b will typically 
be formed of the same material as the substrate 10, 
preferably silicon. If silicon is used for the optional lay- 
er 15b. it may have a polycrystalline structure, such 
as polysllicon, or it may have an amorphous or single 
crystal structure. The layer 15b functions as a strain- 
ed layer for producing tension in the membrane 15. 
Where the membrane 15 comprises two layers, the 
optional layer 15b is nearest to the substrate 10. 

The thickness of each of the layers 15a, 15b of 
the membrane 15 is preferably one-quarter of a wa- 
velength (as measured in the material comprising the 
layer) of an incident optical beam 2. Where the inci- 
dent optical beam 2 has a single wavelength, the 
membrane thickness is readily determined. However, 
the incident optical beam 2 may be comprised of a 
number of spectral components of differing wave- 
lengths. For example, the incident optical beam 2 may 
have a bandwidth extending from 1300 nm to 1550 
nm. In such a case, the wavelength selected as the 
basis (the basis wavelength) for the membrane thick- 
ness is determined by selecting the wavelength at the 
mid-point of the desired bandwidth. Some loss in 
modulator performance, i.e. contrast, is expected as 



the wavelength of the spectral components deviates 
from the basis wavelength. However, depending 
upon modulator configuration, the loss in contrast 
can be reduced to a negligible amount, as is dis- 

5 cussed below in conjunction with FIGS. 17 and 18. 

The height of the air gap 20. I.e. the distance be- 
tween the membrane 15 and substrate 10. should be 
a multiple of one-quarter of the basis wavelength in 
the unbiased position. In other words, the air gap 20 

10 should be mXM. where m is an integer. 

The flexible support arms 25. which suspend the 
membrane 15 above the substrate 10, may be ar- 
ranged in any convenient manner and may number 
more or less than four. The flexible support arms 25 

15 serve as a support means for the membrane 15 and 
also allow the membrane to move relative to the sub- 
strate. While a single structure, i.e., the support 
arms, provides this dual function, these functions 
could be provided by independent structures. For ex- 

20 ample, a rigid support used in conjunction with a sep- 
arate flexing member can provide support and mobil- 
ity for the membrane 1 5. Other configurations and ar- 
rangements capable of supporting the membrane 1 5, 
and allowing it to move, are within the contemplated 

25 scope of the present invention; it being recognized 
that such variations will occur to those skilled in the 
art in view of the present teachings. In addition, the 
support arms 25 may be part of the membrane 1 5, or, 
alternatively, may be a separate structure formed of 

30 a different matenal. 

Electrodes 30 may comprise a layer of conduc- 
tive material deposited on the layer 15a. Any suitably 
conductive material may be used to form the electro- 
des, including, but not limited to, aluminum, platinum, 

35 tungsten, conducting silicon, or, preferably, gold. The 
electrodes 30 form a continuous conductive layer 
covering at least a portion of the support arms 25 and 
the perimeter of the optically active layer 1 5a forming 
a border region 17. The electrodes may further in- 

40 elude a region 24 extending beyond each support arm 
25. Alternatively, the optional layer 15b of the mem- 
brane may be formed from a conductive material so 
that a separate electrode 30 is not required. An elec- 
trode 31 IS formed on the substrate 10. as well. The 

45 separate electrode 31 is not required if the substrate 
1 0 is suitably conductive. The electrodes, or conduct- 
ing material if discrete electrodes are not provided, 
are in electncal contact with a controlled voltage 
source 29. 

50 The inner edge 1 9 of the border region 1 7 defines 

an optical window 16 in the membrane 15. While the 
optical window 16 is shown to have a circular shape 
in FIG. 2. the window 16 may have any shape. The 
size of the optical window will vary with the particular 

55 application for which the invention is used. The opti- 
cal window 16 must sized so that the optical "spot" 
produced by the optical window will be captured by 
the numertcal aperture of the waveguide or other opt- 
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ical device being used in conjunction with the inven- 
tion. By minimizing the size of the optica! window, the 
overall membrane size, and hence its mass, may be 
minimized. This reduction in mass results in a better 
response time for the modulator. 

The micromechanical modulator 1 of FIGS. 1 and 
2 may be formed as follows. The substrate 10. which 
may be in the form of a wafer, is preferably silicon 
which is doped with phosphorus or boron. As shown 
in FIG 3 several layers of material, as described be- 
low are deposited on the substrate 10. First, a sacri- 
ficial layer 12 of an erodible material is deposited on 
the substrate. The erodible material is chosen so that 
a suitable wet etch will erode this materia! at a much 
greater rate than any other of the materials which 
comprise the device. Suitable erodible materials m- 
elude, but are not limited to. silicon dioxide and alu- 
minum. The erodible material is deposited to a thick- 
ness approximately equivalent to that desired for the 
unbiased air gap 20. 

If a two layer membrane is desired, a layer of 
polysilicon or other suitable material is deposited to 
form layer 15b. not shown in FIG. 3. Next, a suitable 
material, preferably silicon nitride, is deposited to 
form the optically active layer 15a. Layers 15a and 
1 5b should be deposited to a thickness equal to about 
one-quarter of a wavelength (as measured in the ma- 
terials comprising the layers) of the basis wavelength 
of the incident optical beam 2. The silicon nitnde is de- 
posited under conditions so as to achieve a refractive 
index approximately equal to the square root of the re- 
fractive index of the silicon substrate. Techniques for 
tailonng the refractive index of a material are well 
known to those skilled in the art. See Smith et al., 
"Mechanism of SiNxHy Deposition from N2-SiH4 Plas- 
ma," Jnl. Vac. Sci. Tech. B(8), #3 at 551-57 (1990). 

Two photol ithographic steps follow the deposition 
of these layers. The photolithographic process is well 
known to those skilled in the art and the details of this 
process will not be discussed in detail here. See Rus- 
ka Microelectronic Processing, Chap. 4, "Photoli- 
thogTi^ at 114-17 (1987). In the first photolitho- 
graphic step, which may be referred to as the etch 
step, a photoresist 35 is applied to layer 15a. Four 
openings are then created in the photoresist layer, as 
shown in FIG. 4, using an appropriately patterned 
mask. The openings are shown as trapezoidal In 
shape. The shapes of the openings are a function of 
the desired support arm arrangement. In the micro- 
mechanical modulator 1 shown in FIG. 2, the support 
arms 25 originate at the corners of a first square and 
terminate at the corners of a second smaller square 
(the membrane 15) located within the perimeter of 
first square. Thus, trapezoidal shaped openings de- 
fine the structure. As previously discussed, the sup- 
port arms 25 may be arranged in any convenient man- 
ner may number more or less than four and may have 
any suitable physical configuration. For other support 



arm arrangements, the openings created in the pho- 
toresist layer may therefore differ in number and 
shape from those shown in the present example. 
Small openings, not shown, may be provided near the 
5 center of the membrane 1 5 to facilitate removal of a 
portion of the sacrificial layer 12 to create the air gap 
20. 

The silicon nitride located beneath the trapezoi- 
dal openings is removed using reactive ion etching or 
10 other suitable methods. As shown in FIG. 5, as four 
trapezoidal shaped openings are created in the sili- 
con nitride layer, the support arms 25 and the mem- 
brane 15 are defined. FIG. 5 is a cutaway view, 
wherein the silicon nitride and photoresist surround- 
15 ing the structure are not shown. It should be under- 
stood that the membrane 1 5 and support arms 25 are 
surrounded by material comprising layers 15a and 35, 
other than the trapezoidal shaped regions which have 
been removed as descnbed. 
20 The optically active layer 15a is required only 

within the optical window 16. The layer 15a may, 
therefore, be preferably patterned into a circle or 
other shape consistent with the shape of the optical 
window 16. This would require an additional photoh- 
25 thographic step. 

Hardened photoresist remaining on the structure 
is then removed in preparation for a second photoli- 
thographic step. In the second photolithographic step, 
the electrodes 30 are deposited. Photoresist is ap- 
30 plied and patterned using a second photomask. The 
areas of the device which are not to be coated with 
conductive material are protected by the hardened 
photoresist. Conductive material, such as gold or alu- 
minum is deposited at discrete regions, as shown in 
35 FIG. 6. on the layer 15a. Specifically, conductive ma- 
terial may be deposited at a region 24 extending be- 
yond each of the support arms, on the support arms 
25 and along the edge of the layer 1 5a to form the bor- 
der region 17, as shown in FIG. 2. The conductive ma- 
40 terial so deposited forms a continuous surface for 
electrical conduction, defining electrode 30. An elec- 
trode 31 is also formed on the substrate 10 by depos- 
iting conductive material thereon. 

The structure is then placed in a suitable etch 
45 bath for etching the sacrificial layer 1 2 without attack- 
ing the silicon nitride. Suitable etches include, but are 
not limited to, commercial aluminum etchant if the 
sacrificial layer is aluminum, and HF acid based sol- 
utions. As shown in FIG. 7, the air gap 20 is formed 
50 as the portion of the sacrificial layer 12 of silicon di- 
oxide or aluminum beneath the membrane 15 and 
support arms 25 are removed. The etch is timed to 
limit the amount of the sacrificial layer 1 2 which is re- 
moved, defining the extent of the air gap 20. 
55 FIGS. 8 and 9 show two preferred embodiments 

of a micromechanical modulator according to the 
present invention. FIG. 8 shows a micromechanical 
modulator 80 wherein a well 82 is formed in the sub- 
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strate 10. The membrane 15 is formed adjacent to the 
substrate 10. As in the previous embodiment, the 
membrane may be comprised of one or more layers. 
An air gap 20 is defined in the region where the mem- 
brane 15 overlays the well 82. As in the previous em- 
bodiment, electrodes 30 and 31 are provided on the 
membrane 15 and the substrate 10 so that a voltage 
can be applied to the device 80 creating an electro- 
static force between the membrane and the sub- 
strate. The membrane 15 and support arms 25 of the 
device 80 may have a configuration like the previous 
embodiment, or may be configured in other suitable 
arrangements which may occur to those skilled in the 
art in view of the teachings provided herein. 

To form the micromechanical modulator 80, the 
well 82 is formed in a substrate 10 using milling or 
etching techniques known to those skilled in the art. 
The depth of the well should be equal to the desired 
thickness of the air gap 20 in the unbiased position. 
The well 82 is then filled with an erodible material, 
such as silicon dioxide or aluminum as previously dis- 
cussed. Next, the membrane layer 15a or layers 15a 
and 15b are deposited as described in the previous 
embodiment. Photoresist is applied and patterned to 
form the membrane 15 and support arms 25 as pre- 
viously discussed. The erodible material is etched 
away, resulting in the air gap 20. The well 82 defines 
the boundaries of the air gap. i.e. the extent of the 
etch, so the attention to the timing of the etch is not 
as critical as for the previous embodiment. 

In a preferred embodiment for forming the micro- 
mechanical modulator 80, a silicon nitride layer is 
formed on a silicon wafer. An opening is formed in the 
silicon nitride layer down to the silicon wafer, at the 
intended site for the well 82. The opening may be 
formed using reactive ion etching or other methods 
known to those skilled in the art. The wafer, with the 
etched silicon nitnde layer, is then placed in a thermal 
oxidation furnace. Silicon which is exposed to the at- 
mosphere in the furnace, i.e., the silicon exposed as 
a result of the opening which is formed as described 
above, is oxidized. The oxide grows into the silicon 
wafer. This is the functional equivalent of filling the 
well 82 with silicon dioxide, as described above. Ther- 
mal oxidation is well characterized and understood by 
those skilled in the art. Through the appropriate com- 
bination of exposure time, furnace temperature and 
environment, the oxide penetration of the silicon wa- 
fer can be controlled to the desired depth, i.e. that 
depth which results in a suitable air gap 20 upon re- 
moval of the silicon oxide. The silicon nitride layer is 
then removed, and silicon nitride is reapplied to the 
wafer, forming the layer 15a. The silicon nitride layer 
15a is then patterned and etched, contacts are de- 
posited, and the silicon oxide is removed to form the 
well 82 which results in an air gap 20 between the sil- 
icon nitride layer 15a and the substrate 10, i.e., the 
silicon wafer. 



FIG. 9 shows a second preferred embodiment of 
a micromechanical modulator 90 according to the 
present invention. Rather than forming a well in the 
substrate to create the air gap 20, as in the previous 

5 embodiment, an "island" 13 of erodible material is 
formed on the substrate 1 0 which will be etched away 
to form the air gap 20. The formation of a microme- 
chanical modulator 90 is illustrated in FIGS. 10-13b. 
As shown in FIG. 10. an appropriately prepared sub- 

10 strate 10 is coated with a sacrificial layer 12 of erod- 
ible material. The sacrificial layer 12 is patterned into 
an "island" 13 having the dimensions desired for the 
air gap 20. shown in FIG. 11 . The layer 15a or layers 
15a and 15b are next deposited on the island 13 of 

15 erodible material. These layers extend beyond the is- 
land 13 onto the substrate 10, Photoresist is applied 
and the layers 15a, 15b are patterned into the mem- 
brane shape, as shown in cross section in FIG. 12a 
and in a plan view in FIG. 12b. Next, the contacts 30 

20 and 31 are deposited and patterned. Finally, the erod- 
ible material is removed from beneath the layers 15a, 
1 5b, forming an air gap 20 between the layers and the 
substrate 10. The etch to remove the erodible mate- 
rial proceeds until the material forming the layer 15b, 

25 if present, or layer 1 5a, is encountered. As in the pre- 
vious embodiment, this simplifies the formation of the 
air gap relative to a timed etch. FIGS. 13a and 13b 
show the fully formed micromechanical modulator 90. 
In operation, the devices 1 . 80 and 90 function as 

30 follows. If the air gap 20, in the unbiased position, is 
an odd multiple of one-quarter of the basis wave- 
length, the membrane 15 and air gap 20 function as 
a high reflection mirror. If the air gap 20 is an even 
multiple of one-quarter of the basis wavelength, the 

35 membrane and air gap serve as a anti-reflection coat- 
ing for the substrate 10. As an electrical signal, such 
as a varying voltage, is applied to the electrodes 30 
and 31. an electrostatic force is created between the 
membrane 1 5 and the substrate 1 0. This force causes 

40 the membrane to move toward the substrate. As the 
membrane 15 moves from its unbiased position, the 
reflectivity of the device changes. As the membrane 
15 moves one-quarter of the basis wavelength, a 
minimum or maximum reflectivity state will be en- 

45 countered, depending upon the state of the mem- 
brane 15 in the unbiased position. 

This behavior is a function of the relationship of 
the refractive index of the membrane layer 15a and 
the refractive index of the substrate 10. Where the re- 

50 fractive index of the membrane is about equal to the 
square root of the refractive index of the substrate, an 
anti-reflection condition can be created. This relation- 
ship is well known to those skilled in the art. See Con- 
don and Odishaw. ed.. "Handbook of Physics," at 6- 

55 102 - 6-103, (2nd ed.. McGraw-Hill, 1967). For a 
membrane 1 5 having a layer or layers X/4 in thickness 
and an air gap 20 of mX/4, the membrane 15 and air 
gap 20 function as a high reflection mirror where m 
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nular surface 48 ^reatea "y _ 

wells 44, 46 supports the f'^^^^J.^f.^he fiber 40 
brane15.Asintheprev.ous mb m^^^^^ 

is positioned an odd or 7" j^e unbiased 
ofthe basis wavelength abovet^ne^opof^t^^^^ 

membrane 15. with the ^'^^^P^^^^^^^^^^^^^^ 

wl^re the micromechanical ^^^^^^^^^^ 
an optical fiber, such as^or the modo tor^^^^^^^^^^^^^ 

,10, the optically ^'^t'^t ' nnmximati equal to the 
a refractive index which ^^^^^^^^^^ of 

square root of the P^°f .^^J'^'^^e ^(cromechan- 
the substrate 10 and the f'ber4a The m^ 

ical modulators 100 and ''^^iVile l^^^P 20 and 
,ng to the first ^-^'T^XZ^^^^^^^^ 
the gap between f 3'°3^tvelen9th and the 
are one-quarter of the under bias, 

membrane 15 contacts -b '^^^^^^^^^^^^ 

z^z z::^:^^-^ -nd 

and 11 u may uc onH nao between the 

rjataraT;:;. and ... ™.»ana does 
no, oon,ac, ,ha su^"a,a „i. 

As previously noted, m any emu 
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cromechanical modulator according to the present in- 
vention, the membrane 15 may be comprised of one 
or two layers. Adding a second layer 15b provides an 
additional degree of freedom in the fabrication of the 
micromechanical modulator. The second layer 15b is 
preferably positioned on the side of the membrane 1 5 
closest to the substrate 10. The refractive index of the 
second layer 15b Is preferably approximately equal to 
that of the substrate. The thickness of layer 15b is 
preferably one quarter of the basis wavelength as 
measured within the layer. This results in minimal 
change in the optical properties of the modulator. 
However, by adding layer 15b, the mechanical prop- 
erties of the modulator may be tailored independently 
of the optical properties. In particular, the overall 
stress in the membrane 15 may be tailored by adjust- 
ing the stress in the second layer 15b. This is partic- 
ularly advantageous where layer 15a is silicon nitride, 
the preferred material for this layer, since the stress 
in a silicon nitride layer cannot be tailored indepen- 
dently of its refractive index. 

It is preferred that modulators according to the 
present invention are formed and operated so that un- 
der the action of bias the membrane 15 moves to- 
wards the substrate 10. In other words, the size of the 
air gap 20 decreases under bias. Alternatively, it is 
within the contemplated scope of this invention that 
modulators be formed and operated so that the mem- 
brane 15 moves away from the substrate 10 under 
the action of bias, i.e.. the air gap 20 increases. The 
optical properties of both versions are the same. 

Such a modulator may be formed by suspending 
an electrode, such as a ring of conductive material, 
above the membrane 1 5. i.e., on the side of the mem- 
brane furthest from the substrate. By applying a bias 
voltage across the ring and the membrane 15, an 
electrostatic attraction will be created, moving the 
membrane 1 5 toward the ring, and away from the sub- 
strate. The electrode is not limited to a ring of conduc- 
tive material. However, the configuration should be 
such that the optical signal will pass through the elec- 
trode with minimal signal attenuation. Alternatively, a 
bias current rather than a voltage, may be supplied to 
the modulators discussed previously in this specifica- 
tion, such as modulators 1, 80. 90, 100 and 110. The 
current can be controlled to produce a magnetic re- 
pulsion between the membrane 15 and substrate 10 
so that the membrane will move away from the sub- 
strate under the action of bias. 

The performance of several embodiments of the 
present invention has been modeled, as illustrated in 
FIGS. 17-22. FIG. 17 shows the expected perfor- 
mance of a modulator according to the present inven- 
tion, such as modulators 1, 80 or 90, having a single 
layer membrane 1 5 of silicon nitride. The signal being 
modulated is assumed to have a bandwidth extending 
from 1300 nm to 1550 nm. Thus, the basis wave- 
length is 1425 nm. The membrane 15 has a layer of 



silicon nitride which is 1905 angstroms (190.5 nano- 
meters) thick and has a refractive index of 1 .87. Thus, 
the layer thickness is the required one-quarter of the 
basis wavelength ((190.5 x 1.87)/1425), FIG. 17 

5 shows the reflectivity of the device as a function of 
wavelength at a number of values for the air gap. An 
anti-reflection state is shown at reference numerals 
50, 52 and 54, which correspond to air gaps of zero, 
>J2 and a. respectively. A maximum reflectivity state 

10 is shown at reference numerals 56, 58 and 60. which 
correspond to air gaps of /./4, 3X/4 and 5>74. respec- 
tively. 

The performance of a modulator, such as modu- 
lators 1 . 80 or 90. having a single layer membrane 15 

15 and formed according to the first arrangement of the 
invention, i.e.. where the air gap has a value of k/4 in 
the unbiased position and a value of 0 as it contacts 
the substrate 10 under the action of bias, can thus be 
evaluated. As shown in FIG. 17. when the air gap is 

20 a/4, shown at reference numeral 56, reflectivity is at 
a maximum of about seventy two percent. Only a 
slight decrease in reflectivity is observed over a 
bandwidth of 1300 to 1550 nm. When the air gap Is 
equal to zero, shown at reference numeral 50, ref lec- 

25 tivity is at a minimum of about two percent or less. 
This anti-reflection state is maintained even as the 
wavelength of the modulated signal deviates from the 
basis wavelength of 1425 nm. While contrast, i.e., the 
ratio of light reflected in the two states, is at a maxi- 

30 mum at the basis wavelength of 1 425 nm, there is only 
a slight decline in contrast over the bandwidth of 1300 
nm to 1550 nm. 

Performance of a modulator, such as modulators 
1, 80 or 90, having a single layer membrane 15 and 

35 formed according to the second arrangement of the 
invention, i.e., where a non-zero air gap is maintained 
at ail times, may also be evaluated from the data dis- 
played in FIG. 1 7. Such a modulator may have, for ex- 
ample, an unbiased air gap of 3>./4, shown at refer- 

40 ence numeral 58. Under the action of bias, the mem- 
brane 15 will move toward the substrate until the air 
gap has a value of /-/2, shown at reference numeral 
52. Thus, the modulator moves through a high reflec- 
tion state at reference numeral 58 and an anti- 

45 reflection state at reference numeral 52. At the basis 
wavelength of 1425 nm. the contrast ratio of a mod- 
ulator according to the second arrangement is as high 
as the contrast ratio of a modulator according to the 
first arrangement. However, as the wavelength of the 

50 modulated signal deviates from the basis wave- 
length, contrast declines for a modulator according to 
the second arrangement. The same performance is 
observed In moving from an air gap of 5a./4, shown at 
reference numeral 60, to an air gap of X, shown at ref- 

55 erence numeral 54. FIG. 1 7 shows that as the air gap 
Increases, the contrast ratio decreases as the wave- 
length of the modulated light deviates from the basis 
wavelength. This effect is due to the fact that since 
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the light travels a longer path through the modulator, 
shifts in the wavelength of the light from the basis wa- 
velength are compounded. 

FIG 18 shows the expected performance of a 
modulator according to the present invention, such as 
modulators 1. 80 or 90, having a double layer mem- 
brane 15 The membrane comprises a silicon nitnde 
layer which is 1 905 angstroms thick and has ^^^^ 
tive index of 1.87, and a silicon layer which is 1018 
angstroms thick and has a refractive mdex of 3.5. The 
optical signal has the same bandwidth and basis wa- 
velength as in FIG. 17. Reflectivity as a function of 
the wavelength of the modulated signal is shown for 
the same values of the air gap as in FIG. 17. An ant. 
reflection state is shown at reference numerals 62^64 
and 66. which correspond to air gaps of zero, /J2and 
> respectively. Amaximum reflectivity state is shown 
a't reference numerals 68, 70 and 72, which corre- 
spond to air gaps of m. 3>J4 and 5>./4,-spec hvely^ 
Performance similar to that of the previous example 
in terms of maximum and minimum reflectivity is pre- 

'''"^'^In FIGS 19-22, performance is modeled for a 
modulator according to the present inventbn which 
incorporates a fiber, such as modulators 100 and 110. 
,n all cases, the gap between the fiber and the me,^^ 
brane 15 is >./4 in the unbiased position. FIG^ 19 
shows the expected performance for such a modula- 
tor having a single layer membrane 15 ^nd formed ac^ 
cording to the first arrangement wherein the air gap 
is W4 in the unbiased position and the membrane 15 
contacts the substrate 10 under the action of bias^ 
Reference numeral 74 denotes reflectivity a a zero 
air gap and reference numeral 76 denotes ref le t,v 
at a A./4 air gap. Companson of FIGS. 19 ana 
shows that the such a modulator is expected to have 
a higher contrast ratio than a modulator which does 
not incorporate an optical fiber. 

FIG 20 shows the expected performance for a 
modulator incorporating a fiber, such as modulators 
1 00 and 110, having a single layer membrane 1 5, and 
which is formed according to the second arrangement 
wherein a non-zero air gap is maintained at all times^ 
In particular, the reflectivity of the modulator is shown 
for an unbiased air gap of 3X/4 at reference numeral 
82 and for an air gap under bias of XI2 at reference nu- 
meral 78 FIG. 20 shows that contrast ratio is high at 
the basis wavelength of 1425 nm, but decreases as 
the wavelength of the modulated light deviates from 
the basis wavelength. 

FIGS 21 and 22 show the expected performance 
for a modulator incorporating a fiber and having a two 
layer membrane 15, such as modulators 100 and 110. 
In FIG. 21 . expected performance is shown for a mod- 
ulator formed according to the f irst arrangement. The 
predicted reflectivity of the modulator at an air gap of 
X/4 is shown at reference numeral 88. and the predict- 
ed reflectivity at an air gap of zero is shown at refer- 



ence numeral 84. FIG. 22 shows the expected perfor- 
mance for a modulator formed according to the sec- 
ond arrangement wherein a non-zero air gap is main- 
tained. The anti-reflection state is shown at reference 
5 numeral 88 for an air gap of >./2, and the high reflec- 
tir'tate IS shown at reference numeral 92 for an air 

^^^Ts^hould be understood that the embodiments 
and variations shown and described herein are illus- 
,0 trative of the principles of this invention and hat va- 
ious modifications may occur to. and be implement- 
ed by, those skilled in the art without departing from 
the scope and spirit of the invention. 



Claims 

1. A modulator for modulating an optical signal com- 

^''^'"^a conductive or semiconductive (eg. sili- 
con) substrate; . . 

a conductive membrane comprising at 
least a first layer of matenal, the first layer having 
a refractive index which is approximately equal to 
25 the square root of the refractive index of the sub- 

strate and a thickness approximately equal to 
one-quarter of a wavelength of the optical signal, 
as measured within the first layer, the membrane 
further having an optically transparent portion; 

a flexible support for positioning the mem- 
brane m a first position wherein the membrane is 
oriented in spaced and superposed relation to the 
substrate, defining an air gap which is approxi- 
mately equal to an integer multiple of one-quarter 
35 of a wavelength of the optical signal, as meas- 

ured in air; and 

a means for supplying bias; 
where, under the action of bias, the mem- 
brane moves to a second position, changing the 
40 air gap by approximately one-quarter of a wave- 

length of the optical signal, as measured in air 
where the change from the first to the second 
position causes a change in the amount of the 
optical signal that is reflected from the mem- 
,5 brane, said modulator being with or without a sup- 

port for an optical fiber. 

2. A modulator for modulating an optical signal com- 

prising". 

a conductive substrate; 
an optical fiber having a first end in optical 
communication with an optically transparent por- 
tion of a conductive membrane; 

the conductive membrane having a first 
« and a second surface 

and comprising an optically active layer 
having a refractive index which is approximately 
equal to the square root of the product of the re- 
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fractive indices of the conductive substrate and 
the optical fiber, and a thickness approximately 
equal to one-quarter of a wavelength of the opti- 
cal signal, as measured within the optically active 
layer; and 5 
a means for supplying bias, 
wherein the first end of the optical fiber is 
in superposed relation to the first surface of the 
conductive membrane and is spaced from the 
first surface by approximately an integer multiple io 
of one-quarter of a wavelength of the optical sig- 
nal, as measured in air, and where the conductive 
substrate is oriented in superposed relation to the 
second surface of the conductive membrane and 
is spaced from the second surface by approxi- 15 
mately an integer multiple of one-quarter of a wa- 
velength of the optical signal, as measured in air, 
where the space between the second surface of 
the conductive membrane and the conductive 
substrate defines a first position of the conduc- 20 
tive membrane, and where under the action of 
bias, the conductive membrane moves to a sec- 
ond position, changing the space between the 
second surface and the conductive substrate by 
approximately one-quarter of a wavelength of the 25 
optical signal, as measured in air, the change 
from the first to the second position causing a 
change in the amount of the optical signal that is 
reflected from the membrane. 

30 

3. A device which, under the action of an applied 
bias, has a variable reflectivity to an incident opt- 
ical signal received by the device, comprising: 

a substrate, for example of conductive or 
semiconductive material (such as silicon), 35 

a membrane comprising at least a first lay- 
er of material, the first layer having a refractive in- 
dex which is approximately equal to the square 
root of the refractive index of the substrate, the 
membrane further having an optically transpar- 40 
ent portion; and 

a flexible support for positioning the mem- 
brane in a first position wherein the membrane is 
oriented in spaced and superposed relation to the 
substrate to form an air gap, the device being with 45 
or without a support for an optical fiber. 

4. A device which, under the action of an applied 
bias, has a variable reflectivity to an incident opt- 
ical signal received by the device, comprising: 50 

a substrate; and 

an optical fiber having a first end in optical 
communication with an optically transparent por- 
tion of a membrane; 

the membrane having a first and a second 55 
surface and comprising at least a first layer hav- 
ing a refractive index which is approximately 
equal to the square root of the product of the re- 



fractive indices of the substrate and the optical 
fiber; 

wherein the first end of the optical fiber is 
in superposed and spaced relation to the first sur- 
face of the membrane, and where the substrate 
is oriented in superposed and spaced relation to 
the second surface of the membrane so that the 
membrane is positioned between the first end of 
the optical fiber and the substrate. 

5. A method for modulating an optical signal com- 
prising: 

providing a conductive substrate; 

providing a conductive membrane in 
spaced and superposed relation to the substrate 
where the membrane comprises a layer of mate- 
rial having a refractive index which is approxi- 
mately equal to the square root of the refractive 
index of the substrate, the membrane further 
having a first and second position; 

exposing the membrane to an optical sig- 
nal; and 

applying a bias to move the membrane 
from the first position to the second position 
causing the reflectivity of the membrane to 
change. 

6. A method for modulating an optical signal, com- 
prising the steps of: 

providing a device for modulating an opti- 
cal signal comprising a membrane and a sub- 
strate in spaced, superposed relation, where the 
membrane comprises a layer of material having a 
refractive index which is approximately equal to 
the square root of the refractive index of the sub- 
strate, and where the membrane has a first pos- 
ition in the absence of a bias and a second posi- 
tion when bias is applied; 

exposing the device to an optical signal; 

and 

applying a bias to the device to move the 
membrane from the first position to the second 
position. 

7. A method for making a modulator for modulating 
an optical signal comprising: 

providing a conductive substrate; 

forming a conductive membrane on the 
substrate so that an air gap is defined between 
the membrane and a portion of the substrate, 
where the membrane comprises at least a first 
layer of material having a refractive index which 
is approximately equal to the square root of the 
refractive index of the substrate. 

8. A method for making a modulator for modulating 

an optical signal comprising: 

providing a conductive substrate; 
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forming a conductive membrane on the 
substrate so that an air gap is defined between 
the membrane and a portion of the substrate, 
where the membrane comprises at least a first 
layer of material having a refractive index which 
is approximately equal to the square root of the 
refractive index of the substrate; 

forming a support to support an optical fib- 
er so that the optical fiber is spaced from the first 
layer of the membrane by approximately an inte- 
ger multiple of one-quarter of a wavelength of the 
optical signal, as measured in air; and 

attaching the optical fiber to the support. 

9. The modulator or device of claim 1 ,2 or 3, where- 
in, under the action of bias from means for sup- 
plying bias, the flexible support flexes and the 
membrane moves toward the substrate. 

10. The modulation or device of claim 1,3. or 9, 
wherein the first layer of material is selected from 
silicon nitride and silicon oxide. 

11. The modulator of claim 1.2. or the device of claim 
3. wherein the membrane comprises a second 
layer of material, for example conductive materi- 
al, having a refractive index approximately equal 
to the refractive index of the substrate, and/or 
wherein 

the first layer of material has a thickness 
approximately equal to one-quarter of a wave- 
length of the optical signal, as measured within 
the first layer. 

12. The modulator or device of claim 1. or 3. or 11. 
wherein the second layer of material has a thick- 
ness approximately equal to one-quarter of a wa- 
velength of the optical signal, as measured within 
the second layer, and/or 

the second layer of material is the same 
matehal as the substrate, for example polysili- 
con. 

13. The modulator of claim 9, wherein the integer 
multiple is one so that the air gap in the first pos- 
ition is approximately equal to one-quarter of a 
wavelength of the optical signal, as measured in 
air, or according to claim 3. wherein 

in the first position, the air gap is approxi- 
mately equal to an integer multiple of one-quarter 
of a wavelength of the optical signal, as meas- 
ured in air. and/or 

wherein the integer multiple equals one so 
that the air gap is approximately equal to one- 
quarter of a wavelength of the optical signal, as 
measured in air 

14. The modulator of claim 9, or the device of claim 



3, where at least a portion of the membrane is 
coated with a conductive material which is select- 
ed from aluminum, gold, platinum, tungsten and 
conducting silicon. 

5 

15. The modulator of claim 1 4, or the device of claim 
3, wherein the flexible support comprises a plur- 
ality of flexible support arms, such ac at least par- 
tially conductive arms, for example four flexible 

10 support arms. 

16. The device of claim 3, wherein at least a portion 
of the membrane or the second layer of material 
is conductive. 

15 the conductive portion of the membrane 

optionally comprising a layer of conductive mate- 
rial. 

17. The modulator of claim 9. or the device of claim 

20 3, wherein under the action of bias, the mem- 

brane moves to a second position, changing the 
air gap by approximately one-quarter of a wave- 
length of the optical signal, as measured in air, 
for example in the second position, the air 

25 gap is approximately one-quarter of a wave- 

length of the optical signal, as measured in air. 
less than the air gap in the first position. 

18. The device of claim 4, wherein the space be- 
30 tween the optical fiber and the membrane is ap- 
proximately equal to one-quarter of a wavelength 
of the optical signal, as measured in air. 

19. The method of claim 5. wherein the step of pro- 
35 viding a (conductive) membrane further compris- 
es either providing a conductive, flexible support 
to support the membrane over the substrate, 

or orienting the membrane and substrate 
so that the space between them is approximately 
40 equal to an integer multiple of one-quarter of a 

wavlength of the optical signal, as measured in 
air. 

20. The method of claim 5 or 6, wherein the step of 
45 applying a bias to move the membrane from the 

first position to the second position further com- 
pnses decreasing the size of the space between 
the membrane and the substrate, or the air gap 
by one-quarter of a wavelength of the optical sig- 
50 nal, as measured in air 

21 . The methof of claim 7, wherein the step of provid- 
ing 3 conductive substrate further comprises ap- 
propriately doping a semiconductor or the step of 

55 forming a membrane further comprises either se- 

lecting the first layer of material from silicon nitr- 
ide and silicon oxide, or spacing the membrane 
from the substrate so that the air gap is approxi- 

11 
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mately equal to an integer multiple of one-quarter 
of a wavelength of the optical signal, as meas- 
ured in air. 

22. The method of claim 8, wherein the step of form- 5 
ing a membrane further comprises either spacing 

the membrane from the substrate so that the air 
gap is approximately equal to an integer multiple 
of one-quarter of a wavelength of the optical sig- 
nal, as measured in air, or forming the first layer io 
of material comprising the membrane so that it 
has a thickness approximately equal to one-quar- 
ter of a wavelength of the optical signal, as meas- 
ured within the first layer of material. 

15 

23. The method of claim 8, wherein the step of at- 
taching the optical fiber to the support further 
comprises orienting the optical fiber so that it is 
in optical communication with the membrane. 
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